The VX2 tumor is a leporine anaplastic squamous cell carcinoma characterized by rapid growth, hypervascularity, and facile propagation in the skeletal muscle. Since its introduction over 70 years ago, it has been used to model a variety of malignancies, and is commonly employed by interventional radiologists in preclinical investigations of hepatocellular carcinoma. However, despite the widespread and lasting popularity of the model, there are few technical resources detailing its use. Herein, we present a comprehensive pictorial outline of the technical methodology for development, growth, propagation, and angiographic utilization of the rabbit VX2 liver tumor model.
T
he rabbit VX2 tumor model has played a longstanding role in experimental oncology. Developed in 1930−1940 by Rous et al. (1, 2) , the VX2 tumor is a virus-induced anaplastic squamous cell carcinoma characterized by hypervascularity, rapid growth, and easy propagation in the skeletal muscle (3, 4) . Since its introduction, the tumor has been used to model cancers of the head and neck (5), kidney (6), brain (7) , lung (8) , urinary bladder (9), uterus (10), liver (11, 12) , bone (13) , and pancreas (14) . The high growth rate and the relatively large size of rabbit vasculature render the model particularly well suited for use by interventional radiologists, and in recent years the model has been employed in numerous studies pertaining to the imaging and locoregional treatment of hepatocellular carcinoma (15−19) . However, despite the widespread and lasting popularity of the model, there are few, if any, comprehensive technical resources detailing its use, leaving many key procedural details to be conveyed anecdotally. Lack of a technical guide may also represent a barrier to entry of interventional radiologists into translational research. With that in mind, this review is intended to provide a complete pictorial overview of the development, growth, propagation, and angiographic utilization of the rabbit VX2 tumor model based on the experience of a single operator in order to serve as a reference for novice and experienced investigators alike.
Animal subjects and laboratory setting
The Institutional Animal Care and Use Committee approved the use of the animal subjects depicted in this review. New Zealand White rabbits weighing approximately 2.5−3.5 kg were used, and trained veterinary staff supported daily maintenance, pre-, peri-, and postprocedural care, procedural anesthesia, and sacrifice of the animals. All procedures were performed in a sterile environment.
VX2 hind limb tumor development
In the United States, the VX2 tumor cell line is available for purchase from the National Cancer Institute Division of Cancer Treatment Diagnosis and Treatment Tumor/Cell Line Repository (20) . For tumor development, frozen VX2 sample is thawed in lukewarm water, aspirated into a 5−10 mL syringe, and mixed with an equal part of methylcellulose medium (Stemcell Technologies, Vancouver, British Columbia, Canada) (Fig. 1) . A hind limb donor rabbit is sedated prior to inoculation with 1 mg/kg acepromazine and 0.02 mg/kg buprenorphine intramuscular injection; analgesia using meloxicam 0.2 mg/kg subcutaneous injection may also be provided. The inoculation site is shaved and cleaned with an alcohol-or iodine-based agent, and a 16-gauge needle is then used to inject the cell suspension into the gluteal muscles of the hind limb (Fig. 2) . Approximately 1 mL of VX2 suspension is injected into each hind limb. Although initial tumor development requires use of frozen VX2 sample, use of a fresh VX2 inoculum should be prioritized for subsequent tumor propagation. In a study by Virmani et al. (21) , inoculation of hind limb donor rabbits using fresh VX2 resulted in successful tumor growth in 88% of subjects, compared with 33% of subjects inoculated with frozen samples. Following inoculation, rabbits are monitored for appetite. Based on investigator experience, animals undergoing hind limb injection tend to lose appetite for food at approximately two weeks postinoculation. Other signs, such as tumor impairment of ambulation and tumor ulceration, are uncommon.
VX2 hind limb tumor growth and harvesting
A viable tumor will yield a palpable nodule within 2−3 weeks of inoculation (Fig. 3a) . Signs of tumor growth in the donor rabbit may include decreased appetite, loss of caecotrophy (the ingestion of nocturnal feces is common to lagomorphs) and the development of lethargy and fever with highly necrotic tumors. Ultrasonography may also be used to confirm tumor growth (Fig. 3b) . In cases of tumor nongrowth, repeat hind limb inoculation should be performed.
Once tumor growth is established, hind limb tumor extraction may be pursued for tumor line propagation and liver tumor creation. The hind limb donor rabbit is medicated with intramuscular injections of 15−30 mg/kg ketamine and 50−250 µg/kg dexmeditomidine, and sacrificed using an intravenous dose of sodium pentobarbital exceeding 390 mg/kg. The cutaneous and subcutaneous tissues overlying the tumor nodule are divided and the hind limb muscle is exposed (Fig. 4a) . Two curvilinear incisions are made within the muscle in order to remove the tumor nodule en-bloc (Fig. 4b ). The explanted specimen is then bisected, permitting visualization of the necrotic core and peripheral viable tumor (Fig. 4c ). Gentle scraping with a blunt instrument easily removes the necrotic core and allows for careful separation of viable tumor from adherent muscle tissue. Several pieces of tumor approximating 1−2 mm 3 in size should be selected and stored in sterile saline for immediate subsequent intrahepatic implantation. The remaining tumor is bathed in nutrient-rich Roswell Park Memorial Institute (RPMI) medium (Sigma-Aldrich, St. Louis, Missouri, USA) and kept on ice for short-term storage until later processing (Fig. 4d) . Kept cold in this manner, tumors may be preserved for handling up to 2−3 hours later. Liver tumor implantation via laparotomy Intrahepatic implantation of solid tumor fragments is more reliable than the injection of a cell suspension. In a study by Virmani et al. (21) , solid tumor implantation and injection of cell suspension were associated with success rates of 84% and 43%, respectively, as determined by evidence of tumor growth on magnetic resonance imaging and subsequent histopathological analysis. In a report by Chen et al. (22) , implantation was successful in 95% of cases and injection in 35% of cases, and the latter was associated with a high rate of extrahepatic tumor growth. In an investigation by Sun et al. (23) , open intrahepatic injection of tumor fragments achieved tumor growth in 96% of cases, compared with 64% of cases injected with tumor suspension. Of note, percutaneous image-guided tumor implantation techniques have also been reported (24) .
For liver tumor implantation, the recipient rabbit is medicated for anesthetic induction with ketamine and dexmeditomidine, followed by intubation and maintenance with 1%−3% isoflurane delivery as needed to sustain a surgical plane of anesthesia. Meloxicam and one dose of enrofloxacin (5 mg/kg, subcutaneous) are provided before the procedure. After preparing and draping the abdomen in standard surgical fashion (Fig. 5) , a vertically oriented subxyphoid mini-laparotomy incision is made with a 15-blade, and blunt dissection is used to expose the peritoneum through the avascular linea alba. Careful division of the peritoneum will permit visualization of the liver. Gentle manual or cotton tipped applicator traction may be used to expose the left lobe of the liver, which is drawn out from the incision (Fig. 5a ). Care should be taken to avoid tearing of the liver capsule, and the exposed organ should be kept moist with wet gauze. At least one investigation suggests that the left lateral hepatic lobe is the preferred implantation site for VX2 tumors due to a more favorable angle of the feeding artery for later angiographic catheterization (25) . Two vertical stab incisions are then made with the tip of an 11-blade, roughly 2−3 cm apart and 3−5 mm deep; hemostasis at the incision sites may be obtained with gentle manual compression. A single tumor fragment is then placed atop each incision and gently pushed into the parenchyma with the tip of a fine forceps (Fig. 5b) . Care should be taken to avoid contact of the tumor fragment with other parts of the liver surface, other abdominal structures, or the abdominal wall in order to prevent nontarget implantation or metastases. The incisions are subsequently covered with a small piece of hemostatic surgical sponge, such as Surgicel (Ethicon, Somerville, New Jersey, USA) or Blood-STOP iX (PRN Pharmacal, Pensacola, Florida, USA), in order to limit bleeding (Fig. 5c ). Judicious use of this material is recommended in order to lessen the potential for abdominal wall adhesion and intraperitoneal tumor dislodgment or ingrowth. After hemostasis is achieved, the abdominal incision may be closed in two layers using 3-0 PDS suture (Ethicon) for fascial repair and 5-0 Vicryl suture (Ethicon) for cutaneous apposition. Typically, the tumors will develop into discreet 2−3 cm nodules within 2−4 weeks of implantation (15) (Fig. 6 ). Serial liver ultrasonography follow-up, starting one week after tumor implantation, may be useful in documenting appropriate solid tumor growth prior to onset of internal necrosis (24); use of non-necrotic tumors will optimize evaluation of tumor response to locoregional therapy experiments.
Of note, the method of surgical tumor implantation into rabbit livers minimizes the potential of metastasis. Nonetheless, signs of metastasis to the lungs include increased respiratory rate and effort. Abdominal breathing may be present along with nasal flaring. Metastasis to the brain would cause lethargy, decreased alertness, and/or behavioral changes (e.g., unusual aggressiveness).
VX2 tumor suspension preparation
Preparation of VX2 inoculum from freshly harvested hind limb tumors requires a cell strainer, a conical polypropylene tube, syringes, and RPMI media (Fig. 7a) . Viable tumor is scraped from explanted tumor specimens using a 15-blade. The tumor scrapings are collected and strained using a 40-micron cell strainer (BD Biosciences, Franklin Lake, New Jersey, USA) into a conical polypropylene 50 mL tube (BD Biosciences) (Fig. 7b) . A single cell suspension is made using RPMI media to wash cells through the strainer. The resulting mixture is centrifuged at 1600 rotations per minute for eight minutes (Fig. 7c) , after which the supernatant liquid is discarded and the precipitant cellblock is mixed with methylcellulose medium in a 1:1 volumetric ratio. The fresh VX2 suspension is injected into the hind limbs of a new donor rabbit for tumor line maintenance. Excess VX2 cellblock samples may be saved by storing in cryogenic vials (CryoTube vials; Sigma-Aldrich) and freezing in liquid nitrogen. To this end, approximately 1 mL VX2 cell aliquots are dispensed into 1.8 mL cryogenic vials, which are sealed with paraffin film and directly submerged into a liquid nitrogen storage tank.
Angiographic utilization of VX2 liver tumor
Implanted VX2 tumors may be used to investigate transarterial therapies. For arteriography, the liver tumor laden rabbit is medicated and maintained under inhaled anesthesia in a manner identical to that for liver tumor implantation. After preparing and draping the groin area in standard fashion, the femoral artery is accessed through a surgical cut-down; the vessel is generally too small for percutaneous ultrasound-guided access. A 2−3 cm long groin incision is made using a 15-blade, with blunt dissection down to the femoral bundle. The femoral artery is gently teased apart from the accompanying nerve and vein, and isolated atop an instrument handle for support (Fig. 8) . Vascular access may then be achieved using standard Seldinger technique and a 21-gauge needle and 0.018-inch (Fig. 9) . Care is taken during catheter and guidewire manipulations to avoid vascular spasm, which occurs easily but may be treated with nitroglycerine. After catheter placement is confirmed in the vascular distribution of the VX2 tumors, the desired therapeutic agent may be administered through the catheter. After completion of the infusion, the catheter is removed and the femoral artery is ligated using 3-0 silk suture (Ethicon) to obtain hemostasis, following which collateral vessels will preserve blood flow to the lower extremities. The incision may be closed in a single layer using 5-0 Vicryl suture (Ethicon), and the animal is aroused and recovered from anesthesia, and followed-up clinically until its time of sacrifice.
Conclusion
The rabbit VX2 tumor model is a useful tool for the study of hepatocellular carcinoma and other neoplasms, and successive application of the methods described herein over 2−3 week intervals will allow investigators to sustain an active VX2 tumor lab operation. Although the high rate of spontaneous tumor necrosis may limit therapeutic efficacy studies, modified VX2 lines exhibiting greater viability have been developed (26) . While a description of angiographic utilization was provided, liver tumors may also be used for other interventions, such as percutaneous thermal ablation (27) and irreversible electroporation (28) . Regardless of the interventional procedure investigated, a working knowledge of the technical methods necessary for utilization of the VX2 tumor will benefit interventional radiology investigators desiring pursuit of translational research with this model. 
